Abstract In this work, a prototype radioxenon detection system was designed, developed and tested at Oregon State University to study the response of CdZnTe (CZT) detectors to xenon radioisotopes for monitoring nuclear explosions. The detector utilizes two coplanar CZT detectors and measures xenon radioisotopes through beta-gamma coincidence detection between the two detection elements. The CZT-based detection system offers excellent energy resolution and background count rate compared with scintillator-based beta-gamma coincidence detectors currently in operation at the IMS stations. In this paper, we briefly discuss the detector design and report our recent measurement results with 131m Xe, 133m Xe, and 133 Xe produced in the TRIGA reactor at OSU.
Introduction
The Comprehensive Nuclear-Test-Ban Treaty (CTBT) is a multilateral treaty that bans all civilian and military nuclear explosions in all environments [1] . The International Monitoring System (IMS) is a worldwide network of observational technology that helps to detect and confirm violations of the CTBT. Monitoring xenon radioisotopes released from nuclear detonations is an important method the IMS uses to verify violations of the CTBT and provide unambiguous proof for the nuclear nature of any detected explosion. Thus, developing new and advanced radioxenon detection systems with high sensitivity and ease of operation is an immediate need for the IMS to support the CTBT [2] .
Several radioxenons are produced after any nuclear explosion. Amongst these radioxenons, four have a key role in supporting the CTBT monitoring effort because of their relatively large fission yields and long half-lives. These unique characteristics make their detection at long distances days or even months after the release to the atmosphere realistic. The four radioxenons of interest are 131m Xe (t 1/2 = 11.93 d), 133m Xe (t 1/2 = 2.19 d), 133 Xe (t 1/2 = 5.25 d) and 135 Xe (t 1/2 = 9.14 h) [3] . Table 1 lists the characteristic radiation emission energies from the decay of these radioxenon isotopes [3] . Different radioxenon detectors have been developed and tested over the past decade to improve the sensitivity and ease of operation at the IMS stations. Four different radioxenon detectors are currently deployed at various IMS stations to monitor atmospheric concentrations of radioxenons, which work either based on beta-gamma coincidence [ARSA (USA), SAUNA (Sweden) and ARIX (Russia)] [4] [5] [6] or high-resolution gamma-ray spectroscopy [SPALAX (France)] [7] .
The developed detection systems have been able to detect signs of nuclear explosions in the past such as Fukushima accident in 2011 and North Korea nuclear weapon tests in 2006, 2010 and 2013 [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . However, the current radioxenon detection systems do possess some disadvantages.
Detectors based on plastic scintillators are subject to the memory effect, which degrades the sensitivity of the system due to added background from previous radioxenon measurements.
Detection systems relying on multiple readout instruments are difficult to calibrate and match, and detection systems that use high-purity germanium, like SPALAX, require a maintenance-intensive liquid nitrogen cooling system, both of which are not conducive to unattended systems.
In order for radioxenon monitoring to be practical, it is vital to develop automated detection systems that could be operable unattended. They must be also sensitive enough to measure trace amounts of radioxenons in the atmosphere. To meet these requirements, address the aforementioned issues with the current detection systems, and to study the response of CZT detectors to radioxenons, a new prototype radioxenon detection system was designed, developed and tested at OSU based on this well-known room temperature semiconductor material and beta-gamma coincidence detection. The prototype design uses two CZT crystals, with the ultimate goal of using six CZT crystals for optimum geometric efficiency. CZT detectors offer excellent energy resolution compared with other scintillator-based beta-gamma coincidence detectors currently in operation. They are also operable at room temperature, making the system lower maintenance compared to radioxenon detection systems relying on the maintenance-intensive, cryogenically-cooled HPGe detectors.
The new CZT-based radioxenon detection system is also expected to significantly reduce the memory effect [19] which is currently observed with radioxenon detectors that use plastic scintillators. The high-Z nature of the CZT material is anticipated to minimize radioxenon diffusion into the detector elements compared to the low-Z nature of plastic scintillator materials. The reduction in memory effect for the CZT-based detection system should improve the minimum detectable concentration (MDC) of this device. This paper discusses the response of our detector to 131m Xe, 133m Xe and 133 Xe and provides measurement results for these radioxenons.
135
Xe measurements can be find elsewhere [20] . The MDC of each radioxenon was also estimated and will be discussed in more detail.
Two-element coplanar CZT detector (TECZT)
The TECZT prototype of the planned six-element CZT (SECZT) design possesses two coplanar CZT crystals from Redlen technologies [21] each with dimensions of 10 9 10 9 10 mm 3 ( Fig. 1a) . These CZT crystals were installed face-to-face on opposite sides of a cubic gas cell (Fig. 1b, c) which was 3-D printed at OSU using polylactic acid (PLA), a commonly used desktop 3D printing material [22] and provides 1 cm 3 gas sample volume. The opening around the CZT crystals was sealed using a high vacuum sealant (Torr Seal) to avoid leakage of radioxenons [23] . The CZT detectors were mounted in close proximity to the PCBs in order to overcome noise issues associated with long leads between the anodes and the preamplifiers. The TECZT detector assembly, the preamplifier, and subtraction circuit PCBs were mounted inside an EMI shielded enclosure (Fig. 2a) to reduce noise.
A FPGA-based, custom-built two-channel digital pulse processor (Fig. 2b ), designed and built at OSU, was used to capture coincidence pulses from the TEZCT detector. Detector pulses were sampled using a 200 MHz, 12-bit resolution ADC on each channel. Digital pulse data were transferred to the PC by a high-speed USB 2 interface. Digital trapezoidal shaping was performed by a MATLAB code running on a PC. The gain matching method [24] was used to compensate for electron trapping inside the CZT crystals.
The TECZT detection system uses beta-gamma coincidence detection to detect radioxenons of interest. Ideally, the beta particle or conversion electron will interact in one CZT element, and the X-ray or gamma-ray will interact in the other CZT element, and all other non-coincidence scenarios are rejected. In the TECZT system, coincidence detection was performed in real time in the FPGA. Coincidence events are captured and transferred to the PC when the two detectors are triggered within Coincidence Time Window (CTW), which is adjustable from 0 to 1.275 ls with 5 ns steps (the ADC's sampling period). Since the arrival time of pulses from a coplanar CZT detector is a function of the interaction depth, the CTW was adjusted to be 0.8 ls, which is close to the maximum electron drift time in this CZT crystal with detector biasing of 1000 V (*1 ls) [25] .
To process both single-and multi-event pulses, a trapezoidal filter with peaking time of 1 ls and flat top of 0.8 ls was used. Cathode and grids bias voltages of -1000 V and ?80 V were applied to the CZT crystals, respectively. Optimum operating parameters of the detection system such as CTW, trapezoidal shaping filter times, and biasing voltages were determined using radioactive laboratory sources.
Experimental Measurement setup
To produce 131m Xe, 133m Xe and 133 Xe, stable and highly enriched ([99 %) 130 Xe and 132 Xe were first drawn into separate polypropylene syringes using a simple handpumping system. The polypropylene syringe was chosen because of its low activity after neutron irradiation. The syringes were then placed in the Thermal Column of the OSU TRIGA reactor with a flux of *7 9 10 10 n/cm 2 s and were irradiated for several hours. The activated xenon gas was then injected into the detector gas cell following a cooling time (Fig. 3) . Before starting data collection, the FPGA firmware was set to coincidence mode, in which only coincidence events can trigger the TECZT readout system.
133m Xe and 133 Xe measurements 133 Xe emits beta particles (E max = 346 keV) in coincidence either with 81 keV gamma-ray (*37 %) or with 31 keV X-ray and 45 keV conversion electrons (*47 %). 133m Xe emits 31 keV X-rays in coincidence with 199 keV conversion electrons. The 2-D beta-gamma coincidence energy spectrum from 133 Xe and 133m Xe measured by the TECZT detection system is shown in Fig. 4 . The horizontal axis represents energy absorption in CZT1 and the vertical axis represents energy absorption in CZT2. As it can be seen in this figure, the 31 keV X-rays and 81 keV gamma-rays form bands of coincident events with beta particles that are clearly populated and extended up to the maximum energy of beta particles from 133 Xe (E max = 346 keV). The presence of 133m Xe (t 1/2 = 2.19 days) in the injected sample can be confirmed by observing the populated area from conversion electrons on 31 keV X-ray band at roughly 199 keV in both CZT detectors. Another important feature of this spectrum is the extension of the 31 keV band to higher energies compared with 81 keV band, which is generated because of the triplet coincidence between 31 keV X-rays, 45 keV conversion electrons and 346 keV betas from 133 Xe. It should be mentioned that in this spectrum, events below about 10 keV are from coincidence events due to electrical noise detected in both detectors. Figure 5 shows coincidence energy deposition in each CZT detector separately. As can be seen, three peaks from the 31 keV X-ray, 81 keV gamma-ray, and 199 keV conversion electron are clearly observable in these spectra, Fig. 2 The full TECZT radioxenon detection system and electronics, showing a the radioxenon sample syringe, gas injection tube, TECZT detector assembly, preamplifiers, and subtraction circuits, and b the two-channel digital pulse processor Fig. 3 Injection of radioxenon to the detector gas cell which is inside the detector housing superimprosed on the beta continuum. The energy resolution (FWHM) for 31 keV and 81 keV peaks were measured to be 48.2 and 12.5 %, respectively.
131m Xe measurements
Before the injection of 131m Xe into the TECZT, its gas cell was evacuated several times to empty any remaining 133 Xe from previous measurements.
131m Xe emits 31 keV X-rays in coincidence with 129 keV conversion electrons. The 2-D beta-gamma coincidence energy spectrum from 131m Xe measured by our CZT-based detection system is shown in Fig. 6 . Two bands appear in this spectrum, both starting at 31 keV on the X and Y axes, and both ending at 129 keV on the X and Y axes, respectively. Ideally, only these two regions in the 2-D plot showing coincidence emissions of 31 keV X-rays and 129 keV conversion electrons should be populated. However, CZT is a high-Z material and there is a high chance of backscattering from CZT surfaces for high-energy electrons. Because of the high backscattering probability, some conversion electrons may only release part of their energy in CZT detectors. Therefore, instead of a confined region around 129 keV, a line starts from the threshold energy (*20 keV) and extends up to 129 keV representing partial energy absorptions from conversion electrons.
Two small regions also appear at approximately 158 keV, representing conversion electrons from 158 and 159 keV. Due to the small decay probability of these conversion electrons (14.0 and 15.1 %) these regions are This region is a result of the backscattering of conversion electrons from one CZT and their absorption in the other. Figure 7 shows energy deposition in each CZT detector separately. As can be seen, three peaks are visible in these spectra: a 31 keV peak from X-rays, a 129 keV peak from conversion electrons, and a combined 158 and 159 keV peak from conversion electrons. The energy resolution (FWHM) of the 31 and 129 keV peaks were measured to be 41.9 and 10.1 %, respectively.
Comparison to other radioxenon detectors

Energy resolution and background
Energy resolutions and background count rates from TECZT and other radioxenon detectors have been compared in Table 2 . Measurement results, listed in this table, show that for all the photon energies except the 31 keV X-ray, the TECZT detector demonstrated better energy resolution compared with other available betagamma coincidence-based radioxenon detection systems, a direct result of using CZT detectors instead of scintillators. The 31 keV X-rays do not show better energy resolution due to the noise from the TECZT prototype electronics. The noise can be mitigated by integrating the preamplifier and subtraction circuit onto one compact PCB. In addition, the background count rate for both total and coincidence events is significantly lower compared to the other detection systems.
Minimum detectable concentration (MDC)
Radioxenon detection systems must be sensitive enough to detect trace amount of xenon gases to be eligible candidates for integration into the IMS. International Monitoring System requires that the Minimum Detectable Concentration (MDC) of all radioxenon detection systems must be less than or equal to 1 mBq/m 3 for
133
Xe [31] . In general, the MDC can be calculated using the following equation: The first term in Eq. (1) takes into account the traditional sensitivity expression using the standard deviation of the measured background and interference counts (r 0 ) with the beta and gamma detector efficiencies and branching ratios respectively (e b , e c , b BR , c BR ). The second term accounts for the decay of the xenon isotope during the collection time T c , the processing time T P , and the nuclear acquisition time T A using the decay constant for the specific isotope k. Finally, the third term accounts for the volume of air measured V Air and the conversion to milliBecquerels.
Several factors can affect the MDC of radioxenon detection systems such as the background counts and memory effect from the previous sample measurements. Background itself is affected by both radioxenon itself for the 30 keV region and 222 Rn daughters ( 214 Pb and 214 Bi) for the 81 and 250 keV regions. Therefore, to accurately calculate the MDC for a given radixenon isotope in a specific detector a careful accounting of the various backgrounds and interference terms is necessary.
In general r 0 in the MDC equation can be calculated using [32] :
In this work, BckCnt total in the coincidence region of interest (ROI) was calculated using the method described in [33] . Using this method BckCnt total can be defined as the product of four terms: To find the associated background count rates in CZT1 and CZT2, a 48-h background measurement was performed in coincidence mode. The ROI for the radioxenons were defined based on their coincidence decay emissions depicted in Table 1 and using 2 times the FWHM of the energy resolution for that ROI. For radioxenons with multiple ROIs, the background count rates in all these ROI were summed together.
To estimate MDC for each xenon radioisotopes, the following assumptions and conditions were considered:
1. For simplicity, background counts due to interferences, such as those from radon daughters and their associated variance, were ignored ðInterferenceCntþ r 2 InterferenceCnt ¼ 0Þ; 2. Since we anticipate that our detection system doesn't show a significant memory effect, counts related to memory effect and its associated variance were also ignored MemoryCnt þ r 2 MemoryCnt ¼ 0 ; SAUNA [5, 28] ARSA [28, 29] BGW [28, 30] Energy resolution (FWHM, %) 
3. Typical values from the ARSA system [4] for xenon collection time (T C = 8 h), processing time (T p = 5.45 h), and acquisition time (T A = 24 h) were used; 4. The products of the branching ratios (b BR .c BR ) were taken from values indicated by an ''a'' superscript in Table 1 [3]; 5. The typical air volume V air (20 m 3 ) is given by the Xe collection system which is a distinctive value in monitoring stations and independent of the detector [33] . However, this parameter was adjusted by a factor equivalent to the ratio of active gas volume in the TECZT and ARSA (1 cm 3 /6.14 cm 3 ) to account for differences in active gas volume in the two detectors. Therefore a value of 3.26 m 3 was used for V air in the MDC formula; 6. The beta-gamma coincidence detection efficiencies (e b .e c ) of the TECZT for each ROI were estimated by performing a Monte Carlo analysis using the MCNP6 code ( Table 3 ).
The resulting MDC values using these assumptions are presented in Table 3 . It should be mentioned that even though 133 Xe has two signatures (in 31 keV and 81 keV Xray/gamma-ray lines), a single MDC was calculated by combining the two MDCs using the following equation which is the weighted average of the errors and is dominated by the smaller of the two MDC calculations [32] Figure 8 shows a comparison between the MDCs reported from WASPD [26] , SAUNA [34] , ARSA [35] , SPALAX [36] , 24-PIN Diode array [37] and the MDCs obtained in this work using TECZT. The dashed red line in this figure shows the MDC requirement set by the IMS for all radioxenons. In addition, Fig. 8 shows the estimated MDCs of the SECZT system based on the results of the TECZT system. The estimated MDCs of the SECZT system, less than 1 mBq/m 3 for all radioxenons, are comparable to those of the most sensitive radioxenon detection systems currently available, which is a direct result of the improvement in geometric efficiency compared to the TECZT system.
One way to improve the MDCs of the CZT-based systems is to use a larger gas cell volume. In future work, 20 9 20 mm 2 CZT crystals will be used in order to accommodate an 8 cm 3 gas cell volume. The increase in gas cell volume (V air ) while maintaining a high geometric efficiency will provide a factor of 8 improvement in MDC compared to the current 1 cm 3 gas cell volume. Another way to improve the MDCs of the CZT-based systems is to minimize the conversion electron backscattering, which can be accomplished by using a low-Z plastic scintillator rather than CZT to detect betas and conversion electrons. The inner surface of the plastic scintillator will also be coated with Al 2 O 3 to minimize the unwanted memory effect usually seen in plastic scintillators [19, 38] . Table 3 Calculated MDC values for the four xenon radioisotopes using the two element CZT detector (TECZT) Isotope b-c coincidence ROI (see Table 1 ) c BR .b BR (see Table 1 
Conclusion
A prototype two-element detection system was designed and built at Oregon State University to study the response of CdZnTe detectors to xenon radioisotopes through betagamma coincidence detection. The response of prototype system to 131m Xe, 133m Xe and 133 Xe produced in the OSU TRIGA reactor was studied. The detector shows significant improvements in the energy resolution and background count rate compared to other beta-gamma coincidence detection systems. The MDCs of the radioxenons of interest were also calculated. Based on the MDC results of the prototype two-element system, it was found that a 6-CZT design will have MDCs of less than 1 mBq/m 3 for all radioxenons. Further improvements to the general design can be made by using a larger gas cell volume and using a plastic scintillator material to detect betas and conversion electrons in order to reduce conversion electron backscattering.
